Signal processing of the electrocardiogram (ECG) was performed during supraventricular tachycardia (SVT) in 24 patients in an attempt to locate the P wave and to characterize its morphology in three orthogonal planes. In patients with atrioventricular reciprocating tachycardia, a discrete atrial signal could be identified within the ST segment and/or T wave with inferior-to-superior orientation. Atrial activation was identified in patients with primary atrial tachycardia as long as there was a constant relationship between each QRS complex and the preceding atrial signal. Patients with atrioventricular nodal reentrant tachycardia were deduced to have simultaneous atrial and ventricular activation when no atrial signal could be seen elsewhere in the cycle. Mean maximum P wave amplitude was 25.4 + 6.3 ,V during SVT, with a mean noise level below 1.0 ,uV. Signal processing of the ECG during SVT enhances the detection of the P wave and the appreciation of P wave morphology, both of which are important factors in the noninvasive determination of the electrophysiologic mechanisms of SVT.
high-gain amplification, signal averaging, and filtration techniques allows the high-frequency components of the P wave to be reliably distinguished from the lowfrequency signals that comprise ventricular repolarization.5 High-frequency analysis was therefore performed on ECGs from a consecutive group of patients who underwent electrophysiologic assessment to determine the mechanism of their arrhythmias. We found that this form of signal processing enabled identification of atrial activation in 95% of cases, and hence improved the diagnostic capability of surface electrocardiographic recordings during SVT.
Methods
The study group consisted of 24 patients who presented with SVT to St. Vincent's Hospital, Sydney. In each patient a standard ECG and signal-processed high-resolution ECG were obtained during SVT. Electrophysiologic studies were performed in 14 of these patients and six were shown to have atrial flutter on the basis of the atrial rate derived during the induction of atrioventricular block with carotid sinus massage and intravenous verapamil. The remaining four patients did not undergo invasive electrophysiologic testing to determine the mechanism of SVT because of refusal by the patient or attending physician.
High-resolution ECG. The high-resolution ECGs were ob-CIRCULATION DIAGNOSTIC METHODS-ARRHYTHMIA ..W r~aVR½,&4~r 2 tained during a spontaneous episode of SVT in 13 patients and during an induced arrhythmia at electrophysiologic study in the remainder. The ECG was recorded from standard bipolar, orthogonal leads X, Y, and Z and was processed with a commercially available microcomputer-based high-resolution electrocardiograph (Arrhythmia Research Technology, Milwaukee).
Ectopic and grossly noisy beats were rejected by a template algorithm. Signals from between 70 and 500 beats (mean 255) were digitized, averaged, and amplified 100 times standard gain. Signal averaging was performed by methods previously described by Simson,6 with fiducial timing referred to the QRS complex. This technique reduces the noise level of the amplified tracing, particularly from chest wall myopotentials, and respiration-induced artifact. Each averaged lead was then filtered with a finite impulse response filter with a bandpass of 50 to 250 Hz and high-pass attenuation of 24 dB/octave. This type of filter minimizes the artifact of impulse ringing and the upper limit duration of response to transients is 8 msec. This means that no effect of the P wave or QRS complex is present 8 msec after offset of these signals.
An unfiltered tracing was also produced to allow assessment of the vectorial orientation of these signals, particularly for determination of P wave axis. P wave morphology was determined from the unfiltered, magnified tracing after the precise temporal relationship between the onset of the P wave and the onset of the QRS complex were defined from the filtered tracing. Once defined, this point was then translated to the unfiltered tracing for identification of the onset of the P wave. The major initial deflection above (upright or positive) or below (inverted or negative) the baseline or the ST segment defined P wave orientation. The gain of the unfiltered tracing was onetenth that of the filtered tracing. Paper speed was 100 mm/sec. displayed for the averaged tachycardia cycle. In the filtered tracing (50 to 250 Hz) on the left, there is a high-frequency signal representing the P wave following immediately after the QRS complex, coincident with the T wave. In lead X and Y of the unfiltered tracing (right), the P wave is inverted, suggesting left-to-right and inferior-to-superior atrial activation. The axis of the P wave in lead Z is indeterminate. The upright T wave during tachycardia is similar to that seen during sinus rhythm (C), and is seen after the end of the P wave (arrow) on the filtered trace. Intracardiac mapping defined a circusmovement tachycardia with the earliest atrial activation in the lateral left atrium via an accessory pathway.
Amplitude of the atrial signals was measured from the most positive to the most negative peak in the filtered tracing; the maximum amplitude was determined from the three recorded leads. An example of signal processing during sinus rhythm is shown in figure 1 . Both the P wave and the QRS complex, representing myocardial depolarization, are comprised of highfrequency waveforms. By contrast, the ST segment and T wave are of low frequency and are markedly attenuated by filtration.
In the filtered tracing, high-frequency "notching" is evident in the P wave.
Electrophysiologic studies. These studies were performed in patients in the postabsorptive state after informed consent was obtained. Electrode catheters were passed to the right atrium, the right ventricular apex, the coronary sinus, and across the tricuspid valve for His bundle recording. Multiple surface electrocardiographic leads were recorded together with intracardiac electrograms at a paper speed of 100 mmn/sec with the use of a Mingograph six-channel ink-jet recorder. Stimuli were provided by a Medtronic 5325 programmable stimulator with pulse amplitude approximately twice the diastolic threshold and pulse duration of 2 msec. Programmed stiinulation comprised7: (1) incremental atrial pacing, (2) atrial extrastimulus testing, (3) incremental ventricular pacing, (4) ventricular extrastimulus testing, (5) mapping of the retrograde atrial activation sequence from the high and low right atrium, atrioventricular junction, and several sites within the coronary sinus, and (6) atrial and ventricular extrasimulus testing during tachycardia.
In one patient, a single quadripolar electrode was inserted into the right atrium for recording of an ECG during spontaneous, medically refractory SVT, and then overdrive pacing was performed for reversion of the arrhythmia.
On the basis of electrophysiologic testing and the response to atrioventricular nodal blockade, patients were classified according to the mechanism of SVT7: six patients had atrioventricular nodal reentrant tachycardia, three had atrioventricular reciprocating tachycardia with retrograde conduction via an accessory pathway, seven had atrial flutter, and four had atrial tachycardia. The mechanism of SVT remained unidentified in four patients who did not undergo electrophysiologic testing.
Medication. One patient with atrial tachycardia was receiving amiodarone because of recurrent ventricular tachycardia and one patient with atrial flutter had been taking quinidine for 5 days for attempted reversion. No other patient was receiving CIRCULATION .1 1018 DIAGNOSTIC METHODS-ARRHYTHMIA antiarrhythmic medication during the recording of the ECG or the electrophysiologic evaluation. Definitions. ECGs were analyzed and classified as to (1) P wave location in relation to the QRS (P in front of QRS [RP>PR], P behind QRS [RP<PR], or P in QRS),4 (2) the presence of atrioventricular block, and (3) P wave axis. This was determined in three planes: the frontal plane axis was superior-to-inferior if P was upright in lead X, and was posterior-toanterior if P was upright in lead Z. The direction of these axes was reversed if P was inverted, and indeterminate if the P wave was biphasic or flattened.
The QA interval was measured from the onset of QRS to the onset of the P wave on the filtered high-resolution ECG.
Analysis of the 12-lead ECG. Blinded review of six ECGs recorded during SVT was performed by 15 cardiologists and their findings were compared with those of electrophysiologic testing. In each case, reviewers were asked to identify three successive P waves and to offer a diagnosis of the mechanism of SVT, based on the criteria of Bar et al.4 Results Atrioventricular reciprocating tachycardia. Three of the 24 patients were shown to have orthodromic atrioventricular reciprocating tachycardia using a left lateral Vol. 74, No. 5, November 1986 = biphasic; 0 = flattened or not visible. bypass (in two) or a right paraseptal bypass (in one) at electrophysiologic study. Each patient had clearly defined atrial activation occurring after termination of the QRS complex (RP<PR) within the ST segment or coincident with the T wave on the high-resolution tracing. An example is shown in figures 2A and 2, B and C. On the standard 12-lead ECG for each patient, there was disagreement among observers as to whether P waves were actually seen and where they were located. After locating the P wave on the filtered signal-averaged tracing, reference to the unfiltered high-gain recording revealed an inferior-to-superior frontal axis in all three patients (table 1) study this corresponded to activation of the lateral left and high right atrium. In these latter patients, the P wave was oriented in an inferior-to-superior axis (table  1) . Throughout ventricular diastole, no other highfrequency waveforms could be seen, so that atrial activation could correctly be deduced to lie within the inscription of the QRS complex. This implies simultaneous atrial and ventricular activation, and this temporal relationship was confirmed by intracardiac mapping during SVT. In one patient with recent myocardial infarction, a low-amplitude, high-frequency waveform was present during SVT but persisted after reversion to sinus rhythm (late potential). Atrial flutter. Atrial flutter was demonstrated in seven patients. Six of these were identified by the response to atrioventricular blockade with carotid sinus massage and verapamil of atrial rates of 250/min or more. One patient underwent limited atrial mapping before conversion of atrial flutter with overdrive pacing. This latter patient, in whom a diagnosis of atrial flutter had been made 5 days before, was treated with oral quinidine and was thought to have been successfully reverted to sinus rhythm. The signal-processed ECG showed that the patient was still in atrial flutter (figures 4A and 4B). On the high-resolution filtered tracing, atrial activation could be seen to occur immediately before and also after the QRS complex. With this relationship established, the P waves could be located on the unfiltered trace, and were seen to have an inferior-to-superior frontal axis, suggesting a low atrial origin, and a 2: 1 relationship with ventricular activation. P wave morphologies in patients with atrial flutter are outlined in table 1. Atrial tachycardia. Automatic atrial tachycardia was diagnosed in three patients on the basis of inability to reliably initiate or terminate the tachycardia with atrial or ventricular stimulation and the absence of dual atrioventricular nodal pathways, antegrade preexcitation, or concealed extranodal pathways.7 In addition. tachycardia was shown to continue despite induced atrioventricular block. In two patients, the P wave preceded QRS (RP>PR) (figures 5A and SB), but in one, there was second-degree (type II) atrioventricular block with an irregular ventricular response. Every QRS complex was followed by a P wave, although the converse was not necessarily true (figures 6A and 6B). In one patient with Wenckebach atrioventricular block, no atrial activity was visible, because the signal-averaging technique led to cancellation of the P wave due to the inconsistent relationship of the P wave to the QRS, which serves as the trigger signal for the averaging process. The horizontal P wave axis was right-to-left in 1022 two patients and posterior-to-anterior in two; the frontal plane axis was superior-to-inferior in two of the three patients with a discernible P wave (table 1).
Undefined mechanism of tachycardia. The four remaining patients, who did not undergo electrophysiologic evaluation, responded to carotid sinus massage and/or verapamil with abrupt termination of SVT. In all of these, the high-resolution ECG revealed a "P in QRS" relationship, suggesting simultaneous atrial and ventricular activation consistent with atrioventricular nodal reentrant tachycardia. Although no evidence of antegrade preexcitation was present after reversion to sinus rhythm in each of these patients, the possibility of a concealed accessory pathway was not excluded.
Atrial signal. The mean maximum amplitude of the atrial signal during SVT was 25. The P wave immediately precedes the QRS complex and is inverted in lead Y and upright in lead Z. In lead X (corresponding to lead I), there is no high-frequency signal after the QRS complex; hence, changes are due to ST segment depression and T wave inversion. review of the 12-lead ECG, in 59% of cases; the mechanism of SVT was correctly diagnosed from 42% of the electrocardiographic recordings. Major deficiencies in identifying P wave position resulted from failure to appreciate a 2:1 relationship (in 50% of patients with atrial flutter) and the inability to identify P waves within the ST segment or T wave in 46% of cases. By signal processing, the position of the P wave was correctly identified in 19 of 20 (95%) patients with a confirmed diagnosis of SVT; location of the P wave was misinterpreted in the patient with atrial tachycardia with Wenckebach atrioventricular block.
Discussion
Although criteria for determining the mechanism of SVT from the standard 12-lead ECG have been recently suggested,"' this technique is limited by the diffi-Vol. 74, No. 5, November 1986 culty in reliably identifying P waves,8 especially when the tachycardia rate is fast.9 Previous attempts to solve the dilemma of localizing the P wave have included the insertion of esophageal electrodes'0'2 and the measurement of direct intra-atrial recordings. 1-3 This study demonstrates the value of signal processing of the surface ECG, which provides a noninvasive technique for the identification of atrial activation in selected patients with regular SVT.
Once located, the mechanism of SVT can be deduced in most cases based on the relationship of the P wave to the QRS complex, the atrial rate, presence of atrioventricular block, and the morphology of the P wave.14' 9 This latter characteristic reflects the pattern of atrial activation'3 and suggests the site of initial atrial depolarization,14' 15 which can be assessed in the horizontal and frontal (or vertical) planes from the standard ECG. This study defines P wave morphology in three orthogonal planes by the addition of a description of the anteroposterior electrical axis of the P wave.
High-resolution tracings were obtained after the signal averaging of multiple tachycardia cycles, which allowed the removal of random noise and enhanced the detection of the electrocardiographic signals.5 ' 16 The additional application of a high-pass filter eliminates the baseline (TP) drift and overshoot that occurs during amplification and greatly attenuates the low-frequency waveforms such as the ST segment and T wave. This enabled clear identification of the high-frequency P wave; the high-frequency signal represents the depolarization of myocardial cells that generate rapid changes in membrane voltages and fast movement of activation wavefronts. 17 Once located in relation to the QRS complex, the rate and electrical axis of the P wave can be deduced from the unfiltered recording. In the high-resolution, amplified, and signal-averaged ECG, the high-frequency components can be appreciated even without filtration. 16 This helps to identify the P wave when it lies in close proximity to or overlies the T wave. Absence of a clearly defined P wave implies simultaneous activation of the atria and ventricles, such as that seen in patients with atrioventricular nodal reentrant tachycardia. In 50% of such patients in our study, a portion of the P wave was noted to protrude from the end of the QRS complex; this was shown at intracardiac mapping to be a result of depolarization of more remote parts of the atria and corresponded to the ";pseudo-R wave" seen in lead V, in a minority of patients with this arrhythmia.4
In each patient with atrioventricular reciprocating tachycardia, a discrete atrial signal occurred after the termination of the QRS complex with RP<PR. All but FIGURE 6A. Twelve-lead ECG obtained during atrial tachycardia with Mobitz II atrioventricular block. An irregular rhythm, with clearly discernible P waves that are upright in leads II, III, and aVF, and a long PR interval are apparent. one patient with atrial tachycardia had atrial activation preceding the QRS (RP>PR). Patients with atrial flutter and 2:1 atrioventricular block had evidence of identical atrial signals before and after the QRS. In the frontal plane, the direction of atrial activation was inferior-to-superior in each case of atrioventricular reciprocating tachycardia incorporating an accessory pathway and in each patient with atrioventricular nodal tachycardia in whom a P wave could be identified. Among these patients with SVT based on atrioventricular reentry, a left-to-right horizontal P wave orientation (inverted P in lead X) was only seen in patients with a left lateral bypass tract. These findings confirm previous observations made from the 12-lead ECG in conjunction with electrophysiologic testing." 4 In the patients with primary atrial arrhythmias, there was a wide variation in P wave morphologies that suggested varied origin. Of the 10 patients with discernible P waves, six had a left-to-right horizontal axis, suggesting origin in the left atrium adjacent to the left pulmonary veins5; most of these patients also had inverted P waves in lead Y indicating initial activation from low atrial sites. The majority of primary atrial arrhythmias were characterized by a positive P wave in lead Z, suggesting a posterior origin of atrial activation. The anteroposterior orientation of the P wave during tachycardia was indeterminate in each of the patients with SVT due to atrioventricular reentry. The major limitation of this technique is the dependence on a fixed temporal relationship between the P wave and the QRS complex for the preservation of a true atrial signal. Because the fiducial or reference timing for signal alignment during the averaging process is based on the QRS complex, any fluctuations of the P-QRS relationship will necessarily lead to distortion and "smoothing" of part of the atrial waveform.5 This point is exemplified by the patient with atrial tachycardia and Wenckebach block. Because of the variable timing of atrial activity throughout the cardiac cycle, the averaging process regards this as noise and cancels out the signals from this waveform. Atrial fibrillation and junctional tachycardia with atrioventricular dissociation will have the same effect. However, in each of these situations, the differential diagnosis clearly does not include reentrant SVTs using the atrioventricular node or an accessory pathway for circus movement, because a degree of atrioventricular block is implied by the irregular nature of the arrhythmia. By contrast, atrial tachycardia with 2: 1 or Mobitz II atrioventricular block will be reliably recorded by this tech- . Signal-averaged ECG shows an atrial signal immediately following the QRS complex that is identical to the P wave preceding it. Hence, there is a 2: 1 atrioventricular relationship and atrial tachycardia is diagnosed. nique. In this situation, although a QRS complex does not consistently follow every P wave, each QRS is preceded by a P wave with a constant PR interval. In addition, the possibility of slight fluctuations in PR or RP intervals may introduce inaccuracies in the quantitation of P wave duration, amplitude, and QA intervals. These problems may be overcome by the use of spatial averaging, applying a "beat-by-beat" analysis of electrocardiographic signals. '8 An attempt to interpret the ECG in the presence of a wide QRS complex may be another source of error: The presence of bundle branch block may mask the appearance of the P wave; conversely, the finding of a late potential6 in a patient with a recent myocardial infarction may be misinterpreted as a P wave. In both of these situations, it is important to compare a tracing during sinus rhythm after reversion of the SVT with one obtained during the arrhythmia.
The information obtained from the high-resolution ECG tracing should be combined with that from the standard 12-lead ECG. For instance, alternation of the QRS complex is typical of atrioventricular reciprocating tachycardia using an accessory pathway,3 even in the presence of bundle branch block."9 In addition, the response of the tachycardia to vagal maneuvers and the observation of jugular venous pulsation are useful in identifying the mechanism of SVT.4 Observation of an inconstant temporal relationship between P waves and the QRS complex indicates that signal processing of this type should not be used, since the atrial signal will not be recorded. Similar signal-processing techniques have been applied to identify sinus node20 and His bundle activity,21' 22 and to detect late potentials in patients with reentrant ventricular tachycardia after myocardial infarction I6, 23 Clinical implications. This form of signal-processed electrocardiography provides a noninvasive method for the recording of well-defined atrial activation during SVT. This provides additional clues in the diagnosis of the mechanism of the arrhythmia, the positive identification of which may have important therapeutic implications. Atrioventricular node-blocking agents, particularly digitalis, may aggravate tachycardias using an accessory pathway, especially if there is a likelihood of antegrade preexcitation during rapid atrial rates.24 Furthermore, accessory pathways can be successfully ablated at surgery,25 providing a complete cure.
The major advantage of the high-resolution ECG over the standard 12-lead ECG is the ability to separate the P wave from the ST segment and T wave, which can mask atrial activation. The former also allows for a clearer appreciation of P wave morphology, which is important in defining the mechanism of SVT. Use of this technique can lead to more confident bedside diagnosis of SVT.
